across the Siberian coast, which reflects greater surface warming over the continent and slower warming over the Arctic Ocean. Other processes, however, may also be likely to contribute to the future changes of the storm-track activity, which gives uncertainty in the projection by multiple climate models. Our analysis suggests that further clarification of those processes that influence storm-track activity over the Arctic is necessary for more reliable future projections of the Arctic climate.
Introduction
As a key component of the Arctic climate system, cyclones transport heat (Jungclaus and Koenigk 2010) and moisture (Oshima and Yamazaki 2006; Sorteberg and Walsh 2008) into the Arctic from the lower latitudes. The transported moisture influences the Arctic Ocean through fresh water supply with precipitation (Oshima and Yamazaki 2004; Zhang et al. 2012) and through radiation budget with cloud formation (Sorteberg et al. 2007 ). In summer and autumn, when the Arctic sea ice is the thinnest in the year, intense cyclones can act to reduce the ice (Simmonds and Keay 2009) , as exemplified by the impact of an intense cyclone observed in August 2012 (Simmonds and Rudeva 2012) . Transient cyclone activity is also related to the primary mode of circulation variability over the northern mid and high latitudes, called the summertime Northern Annular Mode (SNAM; Ogi et al. 2004) , which is also one of factors that modulate the Beaufort Sea High (Serreze and Barrett 2011) . The positive phase of SNAM, in association with enhanced cyclone activity over the Arctic Ocean, accompanies a negative pressure anomaly over the Arctic Ocean and a positive pressure anomaly in midlatitudes, while its negative phase tends to accompany a reduction of the Arctic sea ice in September (Ogi and Wallace 2007) . Screen et al. (2011) have demonstrated that fewer than usual cyclones are observed over the Arctic Ocean during late spring and early summer concomitantly with both an intensification of the Beaufort Sea High and a reduction of the perennial Arctic sea ice. Realistic representation of cyclone activity over the Arctic Ocean in climate models is thus crucial for deeper understanding of the Arctic climate and its better future projection.
Atmospheric disturbances of migratory cyclones and anticyclones tend to organize themselves into zonally elongated domains, called "storm tracks". Future projection of the storm track activity has been investigated (Yin 2005; Lambert and Fyfe 2006; Ulbrich et al. 2008; O'Gorman 2010; Lang and Waugh 2011; Woollings et al. 2012; Chang et al. 2013) , based on multiple climate models that participated in the World Climate Research Programme's (WCRP's) Coupled Model Intercomparison Project Phase 3 (CMIP3; Meehl et al. 2007) . O'Gorman (2010) found linear scaling between future changes in climatologicalmean available potential energy and transient eddy kinetic energy. Woollings et al. (2012) have demonstrated that uncertainties in the future projections for the North Atlantic wintertime storm-track activity by the CMIP3 models are linked to those in the Atlantic Meridional Overturning Circulation that changes lower-tropospheric baroclinicity. Chang et al. (2012) , Mizuta (2012) , Harvey et al. (2013) , and Zappa et al. (2013b) have also investigated the future projection of storm-track activity based on climate models that participate in the phase 5 of CMIP (CMIP5; Taylor et al. 2012) .
Thus far, studies of storm tracks under the changing climate have focused mostly on midlatitudes. Bengtsson et al. (2006) and Orsolini and Sorteberg (2009) examined a particular storm track that forms only in summer over Northern Eurasia and the Beaufort Sea by applying Lagrangian cyclone tracking to lower-tropospheric (850-hPa) vorticity obtained from the ECHAM and BCM climate models, respectively. Bengtsson et al. (2006) found a future increase in summertime storm activity over the Arctic. Likewise, Orsolini and Sorteberg (2009) found a future increase in the number of storms over the Arctic and along the Eurasian Arctic coast in particular. They pointed out that the enhanced storminess is associated with locally enhanced meridional temperature gradient between the Arctic Ocean and the warmed Eurasian continent and with the enhanced subpolar westerlies as well. Figure 7 of Lang and Waugh (2011) hints a slight increasing tendency in summertime intense cyclones over the Arctic Ocean into future as the multi-model ensemble mean (MEM) among the CMIP3 models. Figure 2 of Harvey et al. (2013) also shows future enhancement of the Arctic summer storm-track activity as the MEM among the CMIP5 models.
Nevertheless, no such systematic multi-model comparison as Woollings et al. (2012) and Harvey et al. (2013) has been carried out yet to assess model performance and future projection of the climatological activity of the Arctic summer storm track, focusing on its linkage with the background thermal structure and mean atmospheric circulation that can yield inter-model spread in the storm-track activity. This study presents such an assessment based on multimodel data sets for CMIP3 and CMIP5, including benchmarking against atmospheric reanalysis data sets. Although climate models are by no means perfect, they still represent many aspects of the climate system in nature reasonably well. Understanding what yields the inter-model spread in storm-track activity changes into future among climate models should give us some insight into the nature of Arctic cyclones in the current and future climate and also hints for improving climate models for better future projection.
The rest of this paper is organized as follows. The data sets and methods used in this study are introduced in Sect. 2. Section 3 presents storm-track activity in the current and future climates in climate models. Section 4 includes discussions on future changes in temperatures, sea ice, and surface heat fluxes, along with uncertainty in reanalysis data sets and comparisons among measures of storm-track activity. A summary is given in Sect. 5.
Data sets and methodology
The Japanese 25-year Reanalysis (JRA-25; Onogi et al. 2007 ) is used for the benchmarking against the CMIP3 and CMIP5 climate models. We also use the NCEP/NCAR (Kalnay et al. 1996) , ERA-40 (Uppala et al. 2005) , NCEP-CFSR (Saha et al. 2010) , ERA-Interim (Dee et al. 2011) , and JRA-55 (Ebita et al. 2011 ) reanalysis data sets. As we found that uncertainty among those reanalysis data sets is much smaller than that among the climate models, we only show results based on JRA-25. See Sect. 4.4 for details. We analyze outputs of the 17 CMIP3 and 17 CMIP5 climate models, as listed in Tables 1 and 2 , respectively. Only one ensemble member is used for each model. For these models, daily-mean outputs of sea-level pressure (SLP), temperature and meridional wind velocity at selected pressure levels are available at the web site of the Program for Climate Model Diagnosis and Intercomparison (PCMDI), which are used to evaluate storm-track activity as noted below. Monthly-mean outputs are used for the other fields. Experiments under the current climatic condition are called 20C3M for CMIP3 and HISTORICAL for CMIP5 (hereafter referred to as 20C experiment), and those under the future climatic scenarios investigated in this study are SRES-A1B for CMIP3 and RCP4.5 for CMIP5 (hereafter referred to as 21C experiment). For all the reanalysis data sets and model outputs of the 20C experiment used in the present analysis, the climatologies for the summer season (June, July and August) have been defined for the 18-year period from 1981 to 1998. The corresponding 18-year climatology for the 21C experiment has been defined for the period from 2081 to 2098 for all the models. We consider the differences in climatology between the 20C and 21C experiments as future changes in the climatological fields. The future changes in globally-averaged JJA-mean surface air temperature (SAT) are 1.8-4.2 K (2.5 K as MEM) among the 17 CMIP3 models, while they are 1.1-2.6 K (1.9 K as MEM) among the 17 CMIP5 models. This difference can be attributed partly to the difference in the greenhouse gas concentrations in the SRES-A1B and RCP4.5 scenarios. Thus the projections of CMIP3 and CMIP5 are not directly comparable. As in Ulbrich et al. (2008) and Woollings et al. (2012) , the variance of sub-weekly fluctuations in SLP obtained through 8-day high-pass filtering applied to daily-mean SLP (SLP'
2 ) is evaluated as a local measure of stormtrack activity. This measure is qualitatively consistent with 850-hPa poleward eddy heat flux associated with sub-weekly disturbances (V'T'850) as used, for example, by Nakamura et al. (2002) for reanalysis data. The calculation of SLP' 2 and V'T'850 is based on daily-mean SLP, meridional wind, and temperature fields. V'T'850 emphasizes baroclinic development of transient disturbances, while SLP' 2 measures the local strength of pressure variability associated with the transient disturbances. Note that SLP' 2 has been evaluated separately for individual models before taking MEM. The usage of these Eulerian measures enable us to evaluate storm-track activity in the CMIP3 model data, whose 6-hourly outputs necessary for the Lagrangian cyclone tracking are not available (Ulbrich et al. 2008 ). Although our analysis based on these Eulerian measures cannot treat the intensity and number of individual cyclones, we can show that SLP' 2 is a good measure of intense cyclones. See further discussion in Sect. 4.4.
As a local measure of baroclinicity of the background state in which the transient disturbances are embedded, we focus mainly on climatological-mean meridional SAT gradient, following recent studies that show a crucial role of temperature gradient at the lower boundary or lower-most atmosphere in the maintenance and variability of storm tracks (Nakamura and Shimpo 2004; Brayshaw et al. 2008; Ogawa et al. 2012; Woollings et al. 2012) . This is consistent with the potential vorticity (PV) thinking (Hoskins et al. 1985) , where lower-most temperature anomalies are considered as PV anomalies that interact with upper-atmospheric PV anomalies, leading to development of baroclinic disturbances.
All the reanalysis and model fields have first been interpolated onto a regular 2.5° × 2.5° longitude-latitude grid. The effect of the interpolation is very small. In fact, climatological SLP' 2 based on the JRA-25 data interpolated onto a 2.5° × 2.5° longitude-latitude grid is smaller only by about 4 % than that based on the same data but on a 1.25° × 1.25° grid.
Results

Current climatology
In summertime climatology, the Arctic Ocean and its surroundings are characterized by the deep westerlies in both the upper and lower troposphere (Figs. 1a-b) . Unlike for the major midlatitude storm tracks, collocation is not necessarily obvious between the local axes of the low-level westerlies and a storm track as measured by SLP' 2 ( Fig. 1c ) and V'T'850 (Fig. 1d) . In fact, the SLP' 2 and V'T'850 are strongest along the western Siberian coast and slightly to its south, respectively, while the mean low-level westerlies are relatively weak in these regions. To the downstream of this primary storm track, a well-defined band of local maxima of SLP' 2 extends from the Siberian coast to the maritime domain off eastern Siberia and Alaska (Fig. 1c, d ). This extended storm track forms along a band of local maxima of the westerly wind speed (Fig. 1a, b ). This storm track identified through the Eulerian measure is consistent with Serreze and Barry (1988) , who found that cyclones most commonly enter the Arctic from Siberia particularly along the Kara and Laptev Sea coast in summer, as the major cyclone of August 2012 did (Simmonds and Rudeva 2012) . It is also consistent with bands of maxima of track density and intensity of migratory cyclones identified through the Lagrangian tracking method, as in Figs. 1a and 2a of Orsolini and Sorteberg (2009) . The storm track over the Arctic Ocean around the date line roughly corresponds to a region where the number of cyclones locally maximizes in summer 1 (Serreze and Barrett 2008) . Hereafter we refer to this region [75-87.5°N, 150-210°E] as the Arctic Ocean Cyclone Maximum (AOCM), marked with red lines in Fig. 1c . Cyclones entering the Arctic from the lower latitudes in summer tend to collect over the AOCM, particularly over its eastern portion (Serreze and Barry 1988) . Zappa et al. (2013a) have demonstrated that, in spite of some improvement in the CMIP5 models, the CMIP3/5 models generally underestimate the summertime cyclone intensity. This can be confirmed through a comparison between the climatological SLP' 2 and V'T'850 fields based on the JRA-25 data (Fig. 1c, d ) and the corresponding MEM fields among the CMIP5 models (Fig. 1g, h ) as well as those among the CMIP3 models (not shown). In particular, SLP' 2 and V'T'850 as the MEM exhibit no welldefined bands of their maxima from the western Siberian coast to AOCM. Note that this underestimation is not an artifact of the MEM. In fact, among the CMIP5 models, only model P exhibit well-defined bands of their maxima (figures in supplementary material). The underestimation of the Arctic storm-track activity in other models is dynamically consistent with negative MEM biases in speed of the upper-and lower-tropospheric westerlies (Fig. 1e, f) .
Performance of each of the CMIP3/5 models in reproducing the climatological fields of SLP' 2 , 850-hPa and 300-hPa westerlies over the Arctic is assessed from the viewpoint of pattern similarity with those of the JRA-25 reanalysis data (Fig. 2) . In doing so, pattern (or spatial) correlation is evaluated over the region poleward of 60°N between the JRA-25 reanalysis and each of the models, with latitudinally-dependent area weighting in the calculation of spatial variance and covariance. On the whole, the CMIP5 models tend to show higher correlations than the CMIP3 models (Fig. 2) . In fact, the correlations averaged among the CMIP3 and CMIP5 models are 0.40 and 0.48 for SLP'2, 0.43 and 0.53 for the 850-hPa westerlies, and 0.68 and 0.71 for 300-hPa westerlies, respectively. The figure also indicates that models that have higher spatial correlation in a particular field tend to do so in the other fields. In fact, intermodel correlations of any pairs of those fields are 0.57-0.64 (significant at the 5 % confidence level). The above analysis suggests that performance in reproducing spatial pattern of storm-track activity over the Arctic is intimately connected to that of the climatological circulation fields.
Note that the pattern correlation analysis as above measures only pattern similarity but not intensity of storm-track
-1 0 1 2 3 4 5 6 7 8 9 10 -0.5 0 1 2 0.5 1.5 2.5 3 3.5 4 5 6 7 8 9 10 11 12 13 -1 0 1 2 3 4 5 6 7 8 9 10 -0.5 0 1 2 0.5 1.5 2.5 3 3.5 4 5 6 7 8 9 10 11 12 13 Tables 1 and  2 activity. Still, we also find the latter to be linked to the intensity of the mean westerlies. A scatter plot in Fig. 3a for the CMIP3/5 models between climatological SLP' 2 and 850-hPa westerlies both averaged over the AOCM indicates that (1) these two variables are underestimated in most of the models compared to reanalysis data; (2) the underestimation tends to be less in the CMIP5 models than in the CMIP3 models; (3) the inter-model spreads among the CMIP5 models (standard deviations are 1.8 hPa 2 for SLP' 2 and 0.63 m/s for 850-hPa westerlies) are slightly smaller than those of the CMIP3 models (2.1 hPa 2 for SLP' 2 and 0.75 m/s for 850-hPa westerlies); (4) the spread among the models (Fig. 3a) is much larger than that among the 6 reanalysis data sets (Fig. 3b) ; (5) those two variables exhibit positive inter-model correlation that exceeds the 5 % significance level (0.59 among all the models, 0.62 among the CMIP3 models, and 0.59 among the CMIP5 models). To investigate the relationship in model-to-model differences between the storm-track activity averaged over the AOCM and the storm-track activity or 850-hPa westerlies at each grid point over the high and middle latitudes, we calculate inter-model regression between them, together with the corresponding correlation to evaluate statistical significance (Fig. 4) . Among the CMIP3 models, the local storm-track activity within the AOCM is found to show positive inter-model correlations with that particular activity (Fig. 4a ) and the lower-tropospheric westerlies (Fig. 4b ) both over the entire polar/subpolar regions and even in the mid-latitudes. Thus the bias in the storm-track activity over the Arctic in a CMIP3 climate model tends to be connected to the circulation bias over the extratropical Northern Hemisphere. Their causal-relationship is, however, hard to clarify because stronger storm-track activity can reinforce the westerlies further, while stronger westerlies are more favorable for cyclone development. In contrast to the CMIP3 models, the corresponding correlations among ) and 850-hPa westerlies (m/s) both averaged over the AOCM (75°N-87.5°N, 150°E-210°E) as the climatological statistics based on the 20C experiment (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) . Red numerals and blue alphabets designate the 17 CMIP3 and 17 CMIP5 models, respectively, as listed in Tables 1 and 2 . A black label "j" signifies the JRA-25 reanalysis data. b As in a, but for 6 reanalysis data sets. The ranges of both axes are different from a. c As in a, but for correlation between future changes in the same variables among the CMIP3/5 models. d As in a, but for correlation between future changes in the southward SAT gradient (K/1,000 km) across the Siberian coast (65°N-75°N, 60°E-180°) and those in SLP' 2 over the AOCM. The future change is evaluated by the difference between the 2081-2098 mean of the 21C experiment and 1981-1998 mean of the 20C experiment. e As in d, but for correlation between future changes in the southward SAT gradient (K/1000 km) across the Siberian coast and those in the SAT (K) over the Siberian continent (55°N-65°N, 60°E-180°). Note that correlation of 0.48 and 0.34 corresponds to the 5 % significance level for 17 and 34 independent samples, respectively the CMIP5 models are significant only over the polar and subpolar regions (Fig. 4c, d ), which suggest that the bias in the storm-track activity over the Arctic in a CMIP5 climate model may be attributable to local processes.
In the JRA-25 reanalysis (Fig. 5a ), the interannual variability of the storm-track activity observed within the AOCM accompanies cyclonic SLP anomaly over the Arctic Ocean, which resembles the SNAM, as is consistent with Ogi et al. (2004) . This SLP anomaly pattern is observed typically when the storm-track activity within the AOCM is enhanced (weakened) by its one standard deviation from the climatology, corresponding to the weakening (enhancement) of the Beaufort Sea High (Fig. 5b, c) . A similar argument can be made for inter-model spreads among the CMIP5 models in the climatological storm-track activity and SLP fields. Models with stronger climatological storm-track activity within the AOCM than its MEM tend to accompany lower SLP over the Arctic Ocean (Fig. 5d) , consistently with stronger westerlies (Fig. 4b) . Thus, the climatological Beaufort Sea High in such models (Fig. 5e ) tends to be weaker than those models with weaker stormtrack activity within the AOCM (Fig. 5f ). The corresponding SLP difference becomes greater if all the 34 CMIP3/5 models are used for the regression (not shown). Figure 3c indicates that more than 85 % of the CMIP3/5 models (30 out of 34) project future enhancement of the storm-track activity around the AOCM as measured by SLP' 2 , which is consistent with previous studies based on individual models (Bengtsson et al. 2006; Orsolini and Sorteberg 2009 ). This enhancement is also evident in the MEM projection among the CMIP5 models (Fig. 6a ) and CMIP3 models (not shown), as is dynamically consistent with the projected strengthening of both the lowertropospheric westerlies and southward gradient in SAT across the Siberian coast as the MEM projection (Fig. 6b , c respectively), since migratory cyclones and anticyclones generally develop to relax the meridional temperature gradient while translating westerly momentum downward. In fact, enhancement of the heat transport due to sub-weekly fluctuations (V'T'850) is also projected along that coast in more than half of the models (Fig. 6d) . As discussed in detail later, the strengthening of the meridional SAT gradient can be attributed to the projected inhomogeneous surface warming that is greater over the continent than over the Arctic Ocean. While these projected enhancements in the storm-track activity, westerlies, and land-sea thermal contrast are simulated coherently in most of the CMIP3/5 models, their inter-model spreads are pronounced as evident in scatter diagrams in Fig. 3c, d . In a dynamically consistent manner, those models that project stronger enhancement of the storm-track activity (SLP'
Future projection
2 ) over the AOCM tend to project the stronger low-level westerlies over the AOCM as shown in Fig. 3c (their correlation is +0.70 for the CMIP3/5 models) and the stronger southward SAT gradient averaged over the Siberian coastal region (65-75°N, 60-180°E) shown in Fig. 3d (with their correlation +0.49). We also confirmed that both the southward gradient of air temperature and the Eady growth rate evaluated at the 850-hPa level show positive correlation with the storm-track activity, but their correlations are weaker (+0.36 and +0.43) than the southward SAT gradient. The overall tendency can be confirmed in positive inter-model regression and correlation among CMIP5 models along the coasts of the 40°N) . Shading is for the 10 and 5 % significance levels estimated by the t-statistic (negative significance levels corresponding to the negative t-values) based on correlations. b As in a, but for regression of 850-hPa westerlies (m/s). c and d As in a and b, respectively, but among CMIP5 models of the HISTORICAL experiment. The climatological mean for each of the models is evaluated for the period of [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] Northeastern Siberia and Northwestern America of the projected changes in the southward SAT gradient with SLP' 2 change averaged over the AOCM (Fig. 7a) , in a region that roughly corresponds to the Arctic frontal zone (e.g., Serreze et al. 2001) . The corresponding positive regression and correlation of the low-level westerlies are also found over the Arctic Ocean (not shown). Positive regression maxima in the future change in V'T'850 along the Siberian coast with that in SLP' 2 over the AOCM (Fig. 7b) suggest that development of cyclones along the Siberian coast, which then travel into the AOCM, tends to be more efficient in a model that projects stronger SAT gradient across the coast. This can be confirmed by evaluating inter-model regression/correlation of the V'T'850 change with the corresponding change in meridional SAT gradient averaged along the Siberian coast (Fig. 7c) . Specifically, models that yield larger changes in meridional SAT gradient tend to project larger V'T'850 changes over the Siberian coast. We can also show that models with greater changes in the SAT gradient tend to project greater SLP 2 changes over the Arctic Ocean, and that the inclusion of the Alaskan coast to the averaged domain for the meridional SAT gradient does not change the result significantly (not shown). Such inter-model variability in the storm-track activity change over the AOCM tends to accompany a negative SLP anomaly over the Arctic Ocean (Fig. 7d) , which resembles the SNAM (Fig. 5a ). Note that those correlations in Figs. 7a-d become more significant if all the 34 CMIP3/5 models are used for evaluating them (not shown).
The meridional SAT gradient across the Siberian coast is pronounced in summer between the warmer Siberian continent heated by insolation and the cooler Arctic Ocean to Shading is for the 10 and 5 % significance levels estimated by the t-statistic. b Regression field shown in a added to the JJA climatological SLP field (shading hPa). c As in b but with the regression field subtracted (shading: hPa). d As in Fig. 6a , but for inter-model regression of JJA climatological-mean SLP (hPa) (north of 60°N) among CMIP5 models based on the HISTORICAL experiment. e As in b but for the regression field shown in d added to multi-model mean JJA climatological SLP field of CMIP5 models (shading hPa). f As in b but for multi-model-mean JJA climatological SLP field with the regression field subtracted (shading hPa). The period used for calculating interannual regression and climatology is 1981-1998 for all the panels the north. The future changes in the coastal SAT gradient projected by the CMIP3/5 models are in significant positive correlation (+0.48) with the corresponding SAT changes averaged over Siberia (55-65°N, 60-180°E) (Fig. 3e) , while correlated negatively but insignificantly with the SAT changes averaged over the Arctic Ocean off Siberia (75-85°N, 60-180°E) (−0.30; not shown). If the two CMIP3 models labeled 12 (INGV-SXG) and 14 (MIROC3.2(hires)) are excluded, the range of future SAT changes projected over the Arctic Ocean among the CMIP3/5 models is relatively small (0.4-2.8°K) (not shown). The corresponding inter-model spread in the future projection of the SAT gradient is therefore explained primarily by that of SAT change projected over Siberia (0.8-5.5°K) (Fig. 3e) . Those two exceptional CMIP3 models also project greatest warming over Siberia (+3.4 and +5.3 K for the models 12 and 14, respectively), which is comparable to the warming over the Arctic Ocean (+3.8 and +5.2 K) and thus results in relatively small changes in SAT gradient (0.1 and 0.4 K/1,000 km) across the coast (Fig. 3e) .
We have shown that the future enhancement of stormtrack activity over the AOCM projected by most of the 34 CMIP3/5 climate models is accompanied by future enhancement in land-sea thermal contrast across the Siberian and Alaskan coasts. However, 4 out of the 34 models do not project enhancement of the AOCM storm-track activity, although all the models except only two models (E and P) project strengthening of the thermal contrast (Fig. 3d) . Figure 7e shows the same map of inter-model regression/correlation of V'T'850 as Fig. 7b does but without the contribution from the SAT gradient change averaged along the Siberian coast through partial regression/correlation technique (See "Appendix" for details). The effect of the removal of the particular contribution is overall very limited, and thus Fig. 7b , e look almost identical to one another. This similarity between the two figures suggests that some processes other than the land-sea thermal contrast across the Siberian coast can also influence the future projection of the storm-track activity over the Arctic Ocean. Comparison between Fig. 7d and 7f reveals that the contribution of this thermal contrast seems also negligible in the inter-model regression/correlation of climatological SLP changes in correlation with the storm-track activity change over the AOCM. The signature common in these two figures is a SLP anomaly pattern that resembles the SNAM (Fig. 5a ), suggesting its important contribution to inter-model spread in the AOCM storm-track activity. In fact, models L and P project greatest weakening of the storm-track activity over the AOCM (Fig. 3c ) with positive SLP changes in the Arctic (contours in Fig. 8 ). These patterns bear certain similarity to the corresponding anomalies for the negative phase of the SNAM simulated in the respective models (shading in Fig. 8 represents the positive SNAM). The pattern correlations between the SLP changes and SNAM-associated SLP anomalies in the Arctic (poleward of 70°N) for the two models are the largest negative among the CMIP3/5 models (−0.41 and −0.67, respectively), indicating that these models project the negative phase of the SNAM under the warmed climate in association with weakening of the storm-track activity in the Arctic. As the SNAM has characteristics of an atmospheric internal mode that can be triggered even without any external forcing to vary the mean westerlies around the Arctic Ocean, it is reasonable to hypothesize that the SNAM can yield uncertainties in the background state for the Arctic storm track simulated under both the current and future climatic conditions. Another possibility is that global warming may trigger the negative SNAM in those two models, but detailed examination how the SNAM responds to the global warming in each of the models are beyond the scope of this study.
Discussions
Projected temperature changes
We have shown that the most of CMIP3/5 climate models project future enhancement of the land-sea thermal contrast across the Siberian coast (Fig. 6c) , which is contributed to largely by warming over Siberia (Fig. 3e) . Model uncertainties in future projection of summertime SAT changes over land can arise from various processes, including soil-moisture-temperature feedback (e.g., Seneviratne et al. 2006 ), large-scale atmospheric circulation and cloudrelated radiation bias (e.g., Cattiaux et al. 2013) . It is noteworthy that models projecting larger future changes in SAT over the Arctic Ocean tend to project a larger decrease in Arctic sea ice (correlation is +0.61). The causal relationship is, however, not obvious due to a positive feedback between them.
For more detailed discussion of temperature changes, we show future changes in JJA-mean zonal-mean temperatures projected as MEM by the 17 CMIP5 models (Fig. 9a) . The warming in the lower-most troposphere over the Arctic Ocean, roughly poleward of 70°N and below the 850-hPa level, is less than in its surroundings. At the same time, the maximum warming in the lower-most troposphere is 2 averaged over the AOCM (marked with red lines). Shading indicates significance levels estimated by the t-statistic. b As in a, but for the corresponding map of the future change in V'T'850 (contour: every 0.05 K m/s). c As in b, but for the corresponding map against the future change in JJA-mean southward SAT gradient averaged over the Siberian coast (marked with red lines 65-75°N, 60-180°E). d as in a, but for the corresponding map of the future SLP change (contour: every 0.2 hPa). e As in b, but for partial regression/correlation for the future change in V'T'850 from which the effect of meridional SAT gradient change averaged over the Siberian coast has been removed. f As in e, but for the corresponding map for the future change in JJA-mean SLP (contour: every 0.2 hPa). The future change is estimated by the difference between two periods of 2081 -2098 (RCP4.5) and 1981 -1998 simulated around 70°N, yielding enhancement of low-level baroclinicity poleward. This is dynamically consistent with enhancement of lower-tropospheric storm-track activity over the Arctic, as represented by the zonal-mean heat flux associated with subweekly disturbances (V'T') (Fig. 9b) . In mid-latitudes, by contrast, meridional temperature gradient weakens in the lower and mid-troposphere due to the rapid warming in the subpolar domain accompanies reduction of mid-latitude storm-track activity. Such mid-and high-latitude differences in projected baroclinicity changes are already pointed out by Orsolini and Sorteberg (2009) . In contrast to summer, the projected wintertime warming into future is the greatest just above the Arctic Ocean, and this Arctic warming extends up to the mid-troposphere (Fig. 9c) . This deep warming leads to the reduction of mean baroclinicity, acting to lower the future storm-track activity in both the lower and mid-troposphere (Fig. 9d) over the polar and subpolar regions. The slow warming in summer and rapid warming in winter in the lower-most troposphere over the Arctic Ocean seem to be consistent with the observed temperature trend in the reanalysis data in association with the polar amplification (Screen and Simmonds 2010) . Anomalous downward heat flux at the surface (shown in Sect. 4.2) may be related to this slower warming in summer, although further analysis on the nearsurface heat budget is necessary. Harvey et al. (2013) found that the inter-model spread among the CMIP5 models in future summertime projection of midlatitude storm-track activity is positively correlated with that of zonal-mean equator-to-pole 850-hPa temperature differences in the lower troposphere (ΔT850 NH ), evaluated as the difference between the tropics (30°S-30°N) and high latitudes (60°N-90°N) . However, they also found negative correlation between ΔT850 NH and stormtrack activity over the Arctic Ocean, especially around the AOCM. We confirmed that ΔT850 NH is negatively correlated with future changes of the storm-track activity over the AOCM (-0.41) and southward gradient in SAT across the Siberian coast (−0.60) both among the 17 CMIP5 models used in this study. Harvey et al. (2013) also noted that the inter-model spread of the future changes of ΔT850 NH is dominated by SAT changes at the high latitudes. We have also confirmed this with the corresponding correlation of +0.88 between the two variables, and the correlation is even higher if the averaged domain is limited to 60°N-75°N (+0.91). In fact, the inter-model standard deviation of zonal-mean SAT changes over 60°N-75°N (1.1 K), which is mostly over continents, is larger than that over 75°N-90°N (0.59 K), mostly over the Arctic Ocean. The inter-model spread of the high latitudes (60°N-90°N) is dominated by the former, and so is the meridional SAT gradient. Our analysis suggests that the projected future changes in the summertime storm-track activity over the Arctic are constrained not by hemispheric changes of the equator-to-pole temperature gradient, but mostly by local changes of the lower-most tropospheric temperatures, at least among the 17 CMIP5 models.
Projected changes of sea ice and surface turbulent heat fluxes
Compared to ice-covered ocean, ice-free ocean can release more sensible and latent heat fluxes to the atmosphere, which may contribute to the enhancement of cyclone activity. In fact, slight intensification of a cyclone in association with enhanced surface heat fluxes from the ice-free ocean has been demonstrated in numerical experiments by Long and Perrie (2012) . As shown in Fig. 10a tration over the Arctic in the late 20th century compared to the observations based on HadISST (Rayner et al. 2003) . All the CMIP5 models project reduction of sea ice in the future over the Arctic (Fig. 10d) . In particular, almost complete loss of sea ice is projected over the Barents Sea (Fig. 10c) , and this is the only region where the models project enhancement of the upward turbulent heat fluxes (Fig. 10h) . In the rest of the Arctic Ocean, in contrast, models project weakening of the upward heat fluxes in association with sea ice reduction, due to the greater warming in SAT than in SST. We have checked that each of the sensible and latent fluxes shows the same tendency. In some coastal areas, even downward heat fluxes are projected (encircled by white contours in Fig. 10g) . The above analysis suggests that future changes in turbulent heat fluxes in association with sea ice reduction may not contribute to the enhancement of the storm-track activity over the AOCM (Fig. 6a,  d ). The above discussion is, however, based on climatological-mean states, and detailed analysis of the surface heat fluxes in individual cyclone events is required.
Underestimation of Arctic storm-track activity in climate models
As shown in Figs. 1g, h and 2a, most of the CMIP3/5 models underestimate storm-track activity around the AOCM in the 20C experiment, with large inter-model spread among them. In contrast to the projected future changes, model biases in the storm-track activity in the 20C experiment exhibit no significant correlation with those of the meridional SAT gradient across the Siberian coast (not shown), despite the fact that the standard deviation of the JJAmean climatology of meridional SAT gradient among the CMIP3/5 models in the 20C experiment is larger than that of the future changes (1.5 and 0.59 K/1,000 km, respectively). Further analysis is required to determine what factor in the background state controls the summertime stormtrack activity and its model biases in the Arctic. Although the physical processes behind it are not necessarily obvious, one possible factor may be model resolution. Model P (MRI-CGCM3) is one of those CMIP5 models that have relatively high horizontal resolution, and the particular model reproduces magnitudes of storm-track activity and low-level westerlies over the AOCM in a fairly realistic manner (Fig. 3a) . Unlike the majority of the models, this model projects future weakening of storm-track activity (Fig. 3c ) in the AOCM in association with no enhancement of thermal contrast across the Siberian coast (Fig. 3d) .
There is positive inter-model correlation (+0.41) in the 20C experiment between the number of longitudinal grid points (as a proxy for horizontal resolution of a model) and the climatological-mean SLP' 2 over the AOCM. This result is consistent with Chang et al. (2013) , who found a similar tendency for cyclone activity over the Northern Hemisphere among the CMIP3 models. Interestingly, however, the future change in the storm-track activity is correlated negatively (-0.41) with the model grid point number. These positive and negative correlations may be related to Chang et al. (2012 Chang et al. ( , 2013 , who found a tendency for a model with weaker climatological cyclone activity over the Northern Hemisphere to project a greater fractional augmentation in its intensity. While it is understandable that models with higher horizontal resolution can better represent synopticscale eddies, there is no simple reasoning for the negative correlation between model resolution and future projection of the storm-track activity.
Comparison among measures of storm-track activity
The relationship between the variance of sub-weekly SLP fluctuation (SLP' 2 ) and the number and intensity of cyclones is discussed here, with particular focus on cyclones over the summertime AOCM. We detected a cyclone as a local minimum of daily-mean SLP at a grid point within the AOCM. At that particular grid point, lowering of the local SLP value from the previous day was also evaluated. The local SLP dropping thus detected in the Eulerian sense is largely a manifestation of a migratory synoptic-scale cyclone, which should thus be well compared with SLP' 2 . On the basis of the 20C experiment outputs from the individual models and the JRA-25 data, inter-model scatter diagrams are plotted in Fig. 11 between climatological SLP' 2 averaged over the AOCM and the climatological number of cyclones within the AOCM (1) whose central SLP values are below 990 hPa (Fig. 11a) or (2) undergo local SLP dropping by more than 10 hPa per day (Fig. 11b) . Consistently with the underestimation of SLP' 2 in most of the CMIP3/5 models, the criteria (1) and (2) both lead to the detection of fewer cyclones in most of the climate models than in the reanalysis data. As evident in those diagrams, SLP' 2 and the numbers of intense cyclones from the viewpoint of the criteria (1) and (2) exhibits strong linear relationship with their significant correlations of +0.81 in Fig. 11a and +0.75 in Fig. 11b , respectively, among the CMIP3/5 models. Taking it into consideration that inter-model correlations of SLP' 2 are insignificant both with the number of local SLP minima whose values are above 990 hPa and with the number of local SLP minima that undergo local SLP dropping by less than 10 hPa per day (not shown), we conclude that SLP' 2 is a good measure of the local activity of intense cyclones. It is noteworthy that the underestimation of the number of intense cyclones in most of the CMIP5 models is also found over the North Atlantic (Zappa et al. 2013a) .
Positive inter-model correlations between the two measures of intense cyclones based on the 20C experiment as discussed above are also found in the future changes (Fig. 11c, d ), although no inter-model correlation is found among the CMIP3 models between SLP' 2 and the number of cyclones whose central pressures are below 990 hPa (Fig. 11c) . However, if model 12 (INGV-SXG) is excluded as an outlier, the positive correlation (+0.40) becomes significant at the 5 % significance level. It is noteworthy that 25 (24) out of the 34 CMIP3/5 models project future increase of intense cyclones whose central pressures are below 990 hPa (with local SLP dropping greater than 10 hPa a day). Meanwhile, more than half of the CMIP3 models (10 out of 17) project future increase in the total number of cyclones within the AOCM, although most of the CMIP5 models (14 out of 17) project its future decrease. We need further study on whether the discrepancy in the future projection of the total number of cyclones between the CMIP3 and CMIP5 models is due to development of the models or to the difference in the global warming scenarios (SRES-A1B for CMIP3 versus RCP4.5 for CMIP5).
Uncertainty among reanalysis data sets
Due to sparseness of in situ observations, uncertainty in atmospheric reanalysis data over the Arctic Ocean is larger than in the surrounding regions (Inoue et al. 2009 (Inoue et al. , 2013 ). Here we assess the uncertainty among the 6 reanalysis data sets with special focus on the storm-track activity and westerlies averaged over the AOCM. As already shown in Fig. 3b , spreads of the two quantities among those reanalysis data sets are much smaller than those among the climate models shown in Fig. 3a . In addition, despite slight mutual differences, horizontal distributions of storm-track activity and 850-hPa zonal wind in these 6 reanalysis data sets are similar to each other (Fig. 12) , which suggests that our results shown above do not depend on a particular choice of a reanalysis data set. It is noteworthy that storm-track activity and westerlies represented in the newer generation of reanalysis data sets (JRA-55, NCEP-CFSR, and ERA-I) are not necessarily stronger than those in the first generation (JRA-25, NCEP/NCAR, and ERA-40). Tilinina et al. (2014) reported that new regional reanalysis data (ASR Interim) represents more synoptic-scale cyclones than other modern-era global reanalysis data sets do over the Arctic, which suggests even greater underestimation of storm-track activity in climate models compared to the real climate.
Concluding remarks
In the present study, we have found that most of the CMIP3/5 models have negative biases (i.e., underestimation) in summertime storm-track activity and westerly wind speed around the Arctic Ocean compared to reanalysis data, and spreads of these two variables are mutually correlated among the models. We have also found that future enhancement of summertime storm-track activity over the AOCM projected by the CMIP3/5 models tends to be linked to that of the land-sea meridional SAT gradient across the Siberian coast, the latter of which is accounted for mainly by greater surface warming over Siberia than over the Arctic Ocean.
We have further found fairly large inter-model spread in the projected storm-track activity over the AOCM to be correlated with that of the meridional SAT gradient associated with the surface differential warming. Our results suggest that more reliable climate-model projection of the summertime storm-track activity in the Arctic requires deeper understanding of the origin of the SNAM variability in the current and future climates, and of processes influencing the inter-model spread in the future changes of land temperatures over Eurasia. 5 6 7 8 9 10 11 12 13 5 6 7 8 9 10 11 12 13 5 6 7 8 9 10 11 12 13 5 6 7 8 9 10 11 12 13 5 6 7 8 9 10 11 12 13 5 6 7 8 9 10 11 12 13 (a) (b) 
